The evolutionarily conserved basic helix±loop±helix (bHLH) transcription factors play important roles during development. Here we report the identi®cation of Nato3 ( nephew of atonal, fer3) orthologs in Drosophila, C. elegans, mouse, and man, all of which share a high degree of similarity within the bHLH domain. Expression analysis revealed Nato3 transcripts in the central nervous system of both¯y and mouse embryos. In the¯y, Dnato3 is highly expressed in 9±15 h embryos in a few ventral nerve cord cells and a subset of neurons in the brain. In mouse, the MNato3 transcripts were detected from embryonic day 7 until 5 weeks postnatally, with highest levels in the midbrain, thalamus, hypothalamus, pons, and medulla oblongata. In contrast to the brain, expression in the spinal cord was limited to the embryonic stages. q
Results
Proneural basic helix±loop±helix (bHLH) genes were shown to be essential for the generation of sense organ precursors in the peripheral nervous system (PNS) of Drosophila, by endowing patches of ectodermal cells with the potential to be selected as neural precursors (reviewed in Jan and Jan, 1994) . Drosophila proneural bHLH genes include the achaete-scute complex (AS-C), atonal, tap (target of poxen), cato (cousin of atonal), and amos (absent solo-MD neurons and olfactory sensilla) Villares and Cabrera, 1987; Bush et al., 1996; Gautier et al., 1997; Goulding et al., 2000a,b; Huang et al., 2000; Jarman et al., 1993) .
The bHLH neural transcription factors, exhibiting high sequence similarity with their Drosophila orthologs, were identi®ed throughout the animal kingdom (e.g. Kageyama et al., 1995 Kageyama et al., , 1997 Lee, 1997; Dambly-Chaudiere and Vervoort, 1998; Guillemot, 1999; Hassan and Bellen, 2000) . Knockout animal models have proven their importance for proper differentiation and speci®cation of neurons (e.g. Guillemot et al., 1993; Ben-Arie et al., 1997; Fode et al., 1998; Ma et al., 1998; Schwab et al., 1998 Schwab et al., , 2000 Miyata et al., 1999; Kim et al., 2001; Wang et al., 2001) . We hypothesized that novel bHLH factors, which share sequence conservation with proneural genes in Drosophila, should have mammalian orthologs expressed in the developing nervous system, and may provide us with new insights into neurodevelopment.
Blast searches with Atonal and MATH1 as queries revealed novel members of the bHLH family. One of the putative gene products identi®ed in Drosophila (designated CG6913 in the FlyBase, http://¯y.bio.indiana.edu:7081/) exhibited the highest degree of sequence conservation with Atonal, Cato, Amos, and the p48 subunit of mouse and rat pancreatic and neuronal transcription factor, PTF1 (Krapp et al., 1996) . The same transcript was independently identi®ed recently and named fer3 (48 related) (Moore et al., 2000) . However, due to its similarity to atonal and its paralogs, its neuronal expression and the fact that fer as a gene symbol was designated by Genome Database (GDB) and Human Genome Organization (HUGO) to a tyrosine kinase (Hao et al., 1989) , we have re-named it Nephew of Atonal 3 (Nato3). The Drosophila gene, Dnato3, maps to cytological position 86F1-2 on the right arm of chromosome 3 (within genomic sequence AE003692), and encodes for a putative 195 amino acid protein with expected molecular weight of 22 kDa. EST LD04689 from a 0±24 h embryonic cDNA library was found to contain an open reading frame (ORF) identical to the genomic sequence, except for an in-frame intron within the coding region, which is not typical to the bHLH-containing genes (Fig. 1A) . A highly similar C. elegans gene product, CNATO3 (F48D6.3, locus T29241) was identi®ed afterwards. A comparison between the 147 amino acids encoded by Cnato3 and the genomic sequence revealed the presence of atypical three introns within the coding region (Fig. 1A) . The similarity between Dnato3 and Cnato3 was limited to the bHLH domain.
The mouse ortholog, MNato3, was identi®ed from a working draft of BAC clone RP23-157F24, locus AC079164, which was mapped to chromosome 12. MNato3 encodes a putative 168 amino acid protein and does not contain introns in the coding region, as con®rmed by reverse transcriptase-polymerase chain reaction (RT-PCR) and sequencing (Fig. 1A) . Similarly, the human ortholog, HNATO3, was identi®ed in a draft sequence of BAC CTA-370M10, from locus AC003986, which was mapped to chromosome 7p15. No introns were detected in the ORF encoding the putative 166 amino acid HNATO3. MNATO3 and HNATO3 share 79% identity and 82% similarity throughout the ORF, and are identical within the bHLH.
Alignment of Nato3 orthologs and other representatives of the bHLH superfamily is shown in Fig. 1B . The comparison revealed a ®ngerprint of Nato3 orthologs (e.g. YEKRLSR/KI in the loop and helix2 regions). The Drosophila DNato3 displayed 89% identity and 91% similarity in the bHLH domain to the mouse and man orthologs, and only 55% identity and 69% similarity to the C. elegans CNATO3 protein. Although both¯y and nematode genomes were fully sequenced, no closer ortholog was identi®ed in the nematode. This observation was consistent with the closer relationship between Atonal and its mammalian orthologs compared to the nematode LIN32 . Hence, when analyzed phylogenetically, Nato3 orthologs, together with p48 de®ne a new family of bHLH proteins, in addition to the previously identi®ed families related to AS-C, Atonal, NeuroD, Neurogenin and Olig (Fig. 1C) .
To verify that Nato3 is a functional gene, and to determine whether, like other members of the bHLH superfamily, it is expressed in the nervous system during embryogenesis, we ®rst examined its expression in Drosophila. Developmental Northern analysis revealed an approximately 1 kb-long transcript, which exhibited a temporally dynamic expression pattern. Dnato3 transcript was ®rst detected in 6±9 h embryos, but was mostly abundant in mRNA samples of 9±15 h embryos. Dnato3 transcription decrease during the larval stages, was barely detectable in the pupae, and could not be detected in adult ies (Fig. 2) .
To characterize the embryonic expression pattern of Dnato3, we performed in situ hybridization of whole Drosophila embryos (Fig. 3) . Dnato3 transcripts were identi®ed in a very speci®c and restricted manner only in cells of the central nervous system (CNS). Dnato3 expression was ®rst observed in stage 11 embryos within the neurogenic region of the germband. Dnato3 transcripts were detected in small groups of cells located on both sides of the midline in each segment: a posterior cluster of two to four Dnato3-positive cells, plus a single Dnato3-positive cell located more anteriorly (Fig. 3A) . The number of labeled cells increased with development, peaking at stages 13±14. At this time the posterior cluster in each segment consisted of ®ve to seven cells, whereas the more anterior group, which exhibited a lower level of staining, included only one to two labeled cells. Dnato3 expression was clearly detected in three subesophageal, three thoracic, and nine abdominal ganglia (Fig. 3B,C) . Expression in the ventral nerve cord continued until the end of embryonic development. In addition to the Dnato3-positive cells in the ventral nerve cord, a subset of neurons in the brain expressed the gene as well (Fig. 3B) .
The CNS-speci®c expression seen in Drosophila prompted us to examine the expression pattern of the mouse ortholog. RT-PCR analysis of whole mouse embryos revealed that MNato3 is expressed as early as embryonic day 7, with a peak in expression at E15 (Fig. 4A ). Since we found that Dnato3 is a CNS-speci®c gene in Drosophila, we tested whether it is expressed in the murine nervous system by RT-PCR on a variety of E15 mouse tissues. Highest levels of MNato3 expression were detected in the brain and spinal cord, and signi®cantly lower levels in the intestine, eye, and liver (Fig. 4B) . Therefore, this gene is not CNS-exclusive, but resembles the expression pattern of p48 in the pancreas and neural tube of the early stage embryos (Obata et al., unpublished, NCBI accession NP061279).
The temporal and spatial expression pro®le of MNato3 in the developing nervous system was examined by semiquantitative RT-PCR of various neuronal regions at different embryonic stages (Fig. 5A,B) . At E13 MNato3 transcripts were detected throughout the neural tube, including the three neuronal vesicles. At E15, the highest level of MNato3 expression was detected in the midbrain, hindbrain (pons and medulla), and spinal cord. Further restriction of MNato3-positive regions was obvious later during neurogenesis, at E18, P7, and P35, when high levels of transcripts were detected in the thalamus, hypothalamus, midbrain, pons, and medulla. In the cerebral cortex the dynamics of MNato3 expression differed by region: in the frontal cortex the expression decreased from E18 to adulthood, while in the posterior and enthorhinal cortex the level increased with age. In all stages, the level of MNato3 expression in the cerebral cortex was lower than that observed in the thalamus and hypothalamus. In the spinal cord the MNato3 expression was highest at E13 and E15, lower at E18, and not detectable from P7 onwards. Overall, the expression pattern of MNato3 is distinct from the patterns observed for mouse p48 and atonal homologs, its closest relatives. To learn more about its function, animals overexpressing transgenic Nato3 proteins are now being generated, in addition to deletion mutants in the¯y and knockout mutants in the mouse.
Experimental procedures

Expression analysis in Drosophila
Digoxigenin-labeled Dnato3 probe was prepared using RNA Labeling and Detection Systems from Roche Molecular Biochemicals (Mannheim, Germany). In situ hybridization of whole embryos was performed as described by Tautz and Pfei¯e (1989) .
Southern analysis of genomic and RT-PCR
RNA from mouse tissues was extracted with TRI Reagente (Sigma, St. Louis, MO, USA), and treated with DNase. cDNA was synthesized using oligo(dT) by RevertAid H Minus First strand cDNA synthesis kite (MBI Fermentas, Lithuania). Whole mouse embryonic Marathon-Readye cDNAs were from Clontech, CA, USA. Mouse Brain Developmental Rapid Scan Panele was from OriGene Technologies, MD, USA.
cDNA or genomic DNA were subjected to 35 cycles of Fig. 2 . Developmental Northern analysis of Dnato3 expression in Drosophila. RNA samples were collected from embryos at 3 h intervals at 0±3, 3± 6, 6±9, 9±12 and 12±15 h. RNA samples were collected also from ®rst, second, and third instar larvae (L1, L2, and L3, respectively) from pupae and adult¯ies. A ,1 kb Dnato3 mRNA identi®ed by DNato3 genomic probe is indicated by a black arrowhead, while gray arrowheads indicate faint bands, detected after a long exposure. An actin5C probe was used to evaluate the uniformity of RNA loading. The numbers on the left denote the size (in kb) of the RNA markers. Black and gray boxes indicate identity and similarity, respectively. Percentage of identity (and similarity) as compared to DNato3 is indicated on the right. While the murine and human orthologs share 91% of similarity with Drosophila in the bHLH domain, the C. elegans ortholog is only 69% similar. Accession numbers in NCBI: CNATO3 AF369899, DNato3 AF369898, HNATO3 AF369897, MNATO3 AF369896, Achaete (AC) P10083, Amos AAF53678, Ato AAA21879, Cato AAF58026, Daughterless (DA) AAA28442, Enhancer of split (ESPL) P13097, Hairy S06956, Lin32 AAA67360, Lethal of scute (LSC) BAB20411, Mash-1 S28186, Math1 BAA07791, Math2 BAA07923, Math3 AAC15969, Math4A CAA68900, Math4B CAA70366, Math4C CAA70365, Math5 AAC68868, NEUROD BAA87605, Olig1 BAB18906, Olig2 BAB18907, Olig3 BAB18908, p48 AAG31604, Scute (SC) P10084, Twist CAA32707. PCR products were resolved on agarose gels and blotted onto Genescrene Pluse membranes (NEN Life Science Products, MA, USA). The blots were probed with a genomic PCR product of MNato3 at 608C using the AlkPhos Direct Labeling and Detection Systeme (Amersham Pharmacia Biotech, UK).
Sequence analysis
Similarity searches were performed using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1990 (Altschul et al., , 1997 . Percentage of similarity and identity were calculated by GAP, and sequence alignments were performed by the Pileup, both included in the Wisconsin GCG package, and shaded by Boxshade (http:// www.ch.embnet.org/software/BOX_form.html). For the construction of phylogenetic trees, sequences were ®rst aligned by ClustalW (http://www2.ebi.ac.uk/clustalw) and processed by the Phylogenetic Tree Printer Phylodendron http://iubio.bio.indiana.edu/treeapp/). Fig. 4 . Expression of MNato3 during mouse embryogenesis. (A) Expression analysis of whole mouse embryos. Commercial cDNAs from whole mouse embryos at 7, 11, 15, and 17 days of gestation were ampli®ed by PCR, using MNato3 and b-actin speci®c primers. Southern analysis with corresponding probes was performed to verify the identity of the PCR products. Highest levels of transcripts were detected at E15, with lower levels at E7 and E11, and no product detected in whole embryos at E17. (B) Expression analysis of MNato3 and b-actin control in various mouse tissues at E15. RNA was extracted from the indicated tissues and subjected to RT-PCR with or without reverse transcriptase (RT 1 or 2). Highest levels of MNato3 transcripts were detected in the brain and spinal cord, a moderate level in the intestine and low levels in the eye and liver. 
